An in situ dry etching and metalorganic chemical-vapor deposition regrowth process is developed to realize AlGaAs/GaAs buried heterostructure with an arbitrary shape and orientation, and is applied to edge-emitting laser diodes with a complex cavity structure and surface-emitting laser diodes ͑SELD͒. At present, threshold currents for both edge-emitting and surface-emitting lasers are similar to that of a conventional ridge-stripe waveguide laser or proton-isolated SELD, indicating that there is considerable surface recombination at regrown interfaces. Surface recombination velocity at the regrown interfaces is estimated from the size effect of lasing characteristics.
I. INTRODUCTION
A simple and reproducible processing technique is important for future optoelectric integrated circuits ͑OEICs͒, in which lasers, modulators and detectors are interconnected in the same wafer. Selective growth techniques on a patterned 1 or corrugated 2 substrate are effective to realize highperformance buried heterostructure ͑BH͒ laser diodes with one-time metalorganic chemical-vapor deposition ͑MOCVD͒ growth. However, oblique or curved waveguide structures for interconnection of optical components are difficult to realize because the direction of devices is restricted to a particular crystal orientation. A ridge waveguide laser structure is another candidate for OEICs, but precise etching depth control is required to ensure a reproducible optical confinement structure.
We developed an in situ dry-etching and MOCVD regrowth process to realize AlGaAs/GaAs buried heterostructures with arbitrary shape and orientation, and applied it to edge-emitting laser diodes, complex cavity laser diodes, and SELDs. Figure 1 shows the processing steps and the setup for the in situ etch and regrowth process. First, an inorganic etching mask, such as silicon dioxide or tungsten, is deposited by radio-frequency sputtering on an AlGaAs/GaAs gradedindex separate confinement heterostructure ͑GRIN-SCH͒ wafer.
II. OUTLINE OF THE IN SITU PROCESS
1 A stripe or disk pattern is formed for either edge-or surface-emitting laser diodes by optical lithography and reactive ion etching ͑RIE͒. Then, the wafer is introduced into an electron cyclotron resonance ͑ECR͒ dry etcher adjacent to the MOCVD reactor through a load lock chamber. ECR dry etching by argon ion bombardment with an ambient of chlorine gas is performed until the unmasked part of the active layers is removed. The wafer then is transferred into the growth chamber without exposure to air, and undoped AlGaAs is overgrown. The lithography is done outside of the vacuum chamber. Therefore, it is compatible with any modern photo-or electron-beam lithography. That is, we do not have to develop special patterning techniques which are necessary for an all-vacuum in situ process. chamber and the inner quartz tube of the reactor, respectively. A GaAs substrate is clipped on a Mo or SiC sample holder face down to avoid polycrystalline GaAs inside the quartz tube falling down on the sample surface. The sample holder is transferred to a fork lift in the etching chamber and fixed to a cooling jacket. Pure chlorine gas is introduced from outlet 1 outside the plasma chamber, while argon is introduced into the plasma chamber from the outlet 2. Argon is ionized and accelerated through SiC mesh electrodes and impinges on the substrate. The plasma chamber is made of Al 2 O 3 ceramic and high purity SiC to avoid possible metallic contamination. Table I illustrates the etch rates of GaAs, SiO 2 , and tungsten by ECR etching and RIE. The ECR etch rate for GaAs is six times faster than that for SiO 2 and tungsten. Therefore, the thickness of the mask should be about 1/6 of the desired etching depth plus 100-200 nm to protect the surface. When chlorine gas is introduced directly into the plasma chamber, selectivity of GaAs and mask material is reduced to 1/4. Tungsten is easily patterned by RIE with SF 6 but is very resistant against chlorine-based ECR etching. It is suitable as a mask for deep etching to obtain perpendicular side walls. SiO 2 is usable as a mask for selective regrowth, but it is less resistant to ECR etching than tungsten. After the ECR etching, the sample holder is transferred to the rectangular hole in the inner tube ͑Fig. 3͒. Arsine and metalorganic materials flow beneath the substrate. The background pressure of the furnace is 3ϫ10 Ϫ5 Pa predominantly from hydrogen. The partial pressure of the oxide and water is of the order of 10 Ϫ6 Pa. It takes about 10 min to transfer the sample. Transfer under an ambient of low pressure hydrogen ͑ϳ1 Pa͒ produces a better surface morphology. As will be demonstrated later, a complete no-growth condition is obtained on SiO 2 by adding a small amount of HCl gas during regrowth.
III. RESULT
A. Photoluminescence and lifetime study of the BH structure by the in situ process
In order to estimate the quality of the regrown interfaces prepared by our in situ process, the intensity of the photoluminescence and the carrier lifetime of the BH structures are compared with that of as-etch and ridge structures. Starting material is an abrupt QW structure with GaAs cap ͑8 nm͒, undoped Al 0.3 Ga 0.7 As ͑0.2 m͒, QW ͑6 nm͒ and undoped Al 0.3 Ga 0.7 As ͑1 m͒ layers on a chromium-doped GaAs substrate. After the ECR dry etching with SiO 2 masks with the line and spacing of 8, 4, and 2 m, an undoped Al 0.4 Ga 0. 6 As with the thickness of 0.2 m is overgrown successively by the in situ process to coat the side walls of the QW structure. For comparison, independent wet or dry etching is also performed to a depth of 0.3 m until the QW is removed in the unmasked region. Titanium stripes with the same line and spaces as the SiO 2 mask is evaporated to simulate the ridge structure. Table II shows the carrier lifetime and relative intensity of the photoluminescence at the initial planar QW structure and stripe geometries with the line and spaces of 8, 4, and 2 m. The data in the parentheses are relative lifetime to the initial value. The effect of interfacial recombination becomes large as stripe width narrows. As you will find along the stripe width of 4 m, for example, the regrown interface by the in situ process is much better than the air- exposed ones and slightly better than the ridge structure.
Comparison with the ridge structure needs more careful analysis and will be given elsewhere together with the microscopic interface analysis. The effect of minority carrier storage at the shaded part of the ridge structure becomes predominant as the stripe width decreases. Figure 4 shows a schematic drawing and cross-sectional secondary electron microscope ͑SEM͒ pictures of a BH laser fabricated by the in situ etching and regrowth process. A 0.5 m thick undoped AlGaAs is formed along the side walls of the GRIN-SCH structure. The regrown interfaces have no observable defects, as is seen by the SEM picture at a higher magnification. After the regrowth, polyimide or photoresist is overcoated to planarize the sample. Then, the top surface of the waveguide is revealed by ozone ashing or photolithograph with an inverted waveguide pattern. In the case when tungsten is used as an etching mask, polycrystalline AlGaAs is formed on the mask. This polycrystal is etched off by a separate ECR etcher until the tungsten mask is revealed. Because the interface between the tungsten and p ϩ -GaAs already forms an ohmic contact, only Au is evaporated for the top electrode. When SiO 2 is used as a mask, deposition of polycrystal can be prevented by adding HCl gas. SiO 2 is removed by buffered HF before the p-type electrode is formed by a liftoff process. The number of photomasks for the whole process is usually two, that is, one for the in situ etching and another for the liftoff process. The processing steps for a BH laser by the in situ process are as simple as those for a ridge-waveguide laser. Figure 5 shows light versus current (L -I) characteristics obtained from a single bar. The threshold current is 22 mA with an active layer width of 3 m and a length of 490 m. Figure 6 shows the inverse of the external quantum efficiency versus cavity loss. The internal loss and quantum efficiency are estimated to be 12.4 and 0.52 cm
B. Edge-emitting BH laser by the in situ process
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, respectively. Figure 7 shows the far-field pattern of BH lasers with different active region widths. A single transverse mode was obtained up to an active layer with of 6 m. Table III shows threshold currents with different active region widths. The threshold current saturates at a width of 4 m and increases slightly at 3 m, while the threshold current density increases monotonically with a decreasing active region width. It does not lase when the side wall of the active region is exposed to air.
In order to estimate the surface recombination velocity, we calculate the threshold current versus active layer width, based on a simple diffusion theory. Suppose that carriers are injected uniformly with a generation rate G over the entire active region width of W, and they recombine at the edge of the active region with a surface recombination velocity of S, the following diffusion equation and boundary condition should be satisfied for the carrier concentration P: The special solution which satisfies the boundary condition is expressed as
in which
In the case of ridge-waveguide laser diodes, the carrier profile at the outside of the active region should be proportional to either exp(x/L p ) or exp(Ϫx/L p ). The continuous condition of the carrier concentration and its derivative should be satisfied at the boundaries of the active region; therefore, the carrier concentration in the ridge waveguide laser should be as follows:
and
The diffusion current at the boundary of the active region is 
where the bulk laser gain is assumed to be g(x)ϭB(NϪN 0 ). We assumed B and N 0 to be 10 Ϫ20 m 2 and 2.0ϫ10 Ϫ24 /m 3 , respectively. 4 We also assumed the confinement factor ⌫ of the GRIN-SCH to be 0.022 with a cosine dependence of the lateral optical field E(x). Figure 8 shows the theoretical threshold current versus active layer width at the surface recombination velocity from 100 to 10 000 m/s represented by small dots connected with broken lines. The experimental data are large dots connected by a solid line. The laser length L is 500 m. The reflectivity of the facet is assumed to be 0.298. The experimental data lie between a surface recombination velocity of 1000-2000 m/s. These data indicate that the surface recombination velocity is similar to that of ridge waveguide structure ͑Svϭ632 m/s͒ and much larger than a conventional BH laser fabricated by liquid phase epitaxy. Therefore, further improvement in the interface quality is necessary.
C. Branch waveguide and complex cavity laser by the in situ process
Because ECR dry etching has no crystalline orientation dependence any patterning with an inorganic mask can be transferred into a BH structure. The in situ ECR etching and regrowth process is suitable for curved or branch waveguides in which the crystalline plane of the side walls varies along the direction of the waveguides. Figure 9 shows the top view of a branch waveguide after an in situ etch and growth process ͑left͒ and a SEM image of a cleaved facet ͑right͒. The BH waveguide structure is formed exactly as we pattern the SiO 2 mask. The spacing between the two branches is 8 m. Figure 10 shows the near-and far-field pattern of the branch waveguide laser. In the case when one of the branches is turned off, the usual far-field pattern with a width of 30°a ppears ͑top͒. When both sides of the branches are forward biased, the intensity of the two spots are almost the same at near-field and interference fringes with a spacing of 5°ap-pears in the far-field pattern ͑bottom͒. This kind of phenomena may be usable for beam steering. Figure 11 shows the top view of a complex-cavity laser after regrowth and a schematic drawing of the whole structure. The electrode for the upper branch is separated. Figure  12 shows lasing spectra of the complex-cavity laser as the injection current at the upper branch is increased from 6 to 12 mA. The lower branch and the straight section are operated at 55 mA in the pulsed condition ͑1 s pulse width, 1 ms pulse period͒. The lasing spectrum varies discretely from single to multimode and then returns to another single mode, as is shown at ͑left͒, ͑middle͒, and ͑right͒. The wavelength spacing of adjacent single modes is as large as 3 nm. This spacing is much larger than that of a conventional stripegeometry laser. A stable single mode operation is expected by adjusting the operating currents at the upper and lower branches. Because the difference of the optical path between the upper and lower branches is only 0.8 m, we do not expect a strong wavelength selectivity on the Mach-Zehnder section. The reflection at the intersection of the straight waveguide and the Mach-Zehnder interferometer section will separate the laser cavity and stabilize the longitudinal mode, like C 3 laser diodes. 
D. BH-SELD by the in situ process
Our process is also applicable to BH-type SELDs in which the AlGaAs Bragg reflector with a high aluminum content is to be embedded. We employed a tungsten/SiO 2 stacked layer as the mask material. The thickness of the tungsten is adjusted so that it can be sputtered away during dry etching and only SiO 2 remains. Selectivity of the regrown undoped AlGaAs on SiO 2 is improved by adding a small amount of HCl gas during the epitaxial growth. We add 6 sccm of 5% HCl gas into the main hydrogen flow rate of 4 slm. The no-growth condition of AlGaAs is very sensitive to the surface condition of the mask material. For example, the selectivity on SiO 2 becomes worse when the surface is exposed to an ECR or RIE plasma. It also becomes worse as the doping level or the aluminum concentration increases. Therefore, selective regrowth for practical devices is impossible without adding HCl gas. Figure 13 shows the top view of a BH-type SELD after the in situ etch and regrowth ͑upper left͒, a SEM cross-section image ͑upper right͒ and a schematic drawing of the BH-SELD ͑bottom͒. The SiO 2 disk is surrounded uniformly by the regrown AlGaAs with a thickness about 0.5 m. The cross section of the device is similar to that of an edge-emitting laser ͑Fig. 6͒, except that the opening of the structure is disk or square-like, instead of a stripe geometry. The rest of the process involves planarizing the surface and forming a ring electrode. Because there is no poly-GaAs, which is inevitable in molecular beam epitaxy ͑MBE͒ regrowth, 7 the rest of the process is much easier in the MOCVD regrowth. The threshold current is 4 -18 mA, depending on the device area, as is shown by the L -I characteristics in Fig. 14. The threshold current density is nominally 1.2 kA/cm 2 . The transverse mode is fundamental and stable, which is expected from an index-guiding waveguide structure ͑Fig. 15͒. Figure 16 compares a theoretical estimation of threshold current versus cavity diameter 8 and the experimental data obtained from the in situ BH structure ͑solid circle͒ and the FIG. 13 . Top view of the BH-SELD after in situ etching and regrowth ͑left͒, enlarged cross section by SEM ͑right͒, and schematic drawing ͑bottom͒ of the BH-SELD by in situ etching and regrowth process. Formation of polycrystal GaAs on the SiO 2 mask is prevented by adding a small amount of HCL gas during the epitaxial growth.
FIG. 12. Lasing spectra of the complex cavity laser as the injection current at the upper branch increases from 6 ͑left͒, to 10 ͑middle͒, to 12 mA ͑right͒.
proton isolated structure ͑open circle͒. Experimental data from both structures are almost the same and close to the theoretical estimation with a surface recombination velocity of 1000 m/s.
IV. CONCLUSIONS
The in situ etch and MOCVD regrowth process is developed to realize various types of semiconductor laser diodes for the first time. The fabrication process of a buried heterostructure laser diode is easier than that of a ridge waveguide structure, which requires a precise etching depth control. MOCVD-based in situ processing has a certain advantage over a MBE-based one because selective regrowth is possible. At present, threshold currents for both edge-emitting and surface-emitting lasers are similar to that of a conventional ridge-stripe waveguide laser or a proton isolated SELD, indicating that there is still considerable surface recombination at the regrown interfaces. Additional gas-phase etching to remove the damage is under investigation. Nevertheless, we see some merits even in the present stage because the freedom in the layout design can be achieved without processing complexity. 
